The last five years have witnessed a remarkable renaissance in vitamin D research and a complete re-evaluation of its benefits to human health. Two key factors have catalyzed these changes. First, it now seems likely that localized, tissue-specific, conversion of 25-hydroxyvitamin D (25OHD) to 1,25-dihydroxyvitamin D (1,25(OH) 2 D) drives many of the newly recognized effects of vitamin D on human health. The second key factor concerns the ongoing discussion as to what constitutes adequate or optimal serum vitamin D (25OHD) status, with the possibility that vitamin Ddeficiency is common to communities across the globe. These two concepts appear to be directly linked when low serum concentrations of 25OHD compromise intracrine generation of 1,25(OH) 2 D within target tissues. But, is this an over-simplification? Pro-hormone 25OHD is a lipophilic molecule that is transported in the circulation bound primarily to vitamin D binding protein (DBP). While the association between 25OHD and DBP is pivotal for renal handling of 25OHD and endocrine synthesis of 1,25(OH) 2 D, what is the role of DBP for extra-renal synthesis of 1,25(OH) 2 D? We hypothesize that binding to DBP impairs delivery of 25OHD to the vitamin D-activating enzyme 1α-hydroxylase in some target cells. Specifically, it is unbound, 'free' 25OHD that drives many of the non-classical actions of vitamin D. Levels of 'free' 25OHD are dependent on the concentration of DBP and alternative serum binding proteins such as albumin, but will also be influenced by variations in DBP binding affinity for specific vitamin D metabolites. The aim of this review will be to discuss the merits of 'free 25OHD' as an alternative marker of vitamin D status, particularly in the context of non-classical responses to vitamin D.
Introduction
Steroid hormones and sterols such as vitamin D are highly lipophillic, and therefore share a common requirement for serum carrier proteins to ensure effective delivery to target cells. Given the abundance of proteins in serum, some of this transport will be non-specific. Nevertheless, there are many ligand-specific serum carriers of steroid hormones and sterols including corticosteroid-binding globulin (CBG) (glucocorticoids, mineralocorticoids), vitamin A (retinol)-binding protein, vitamin D-binding protein (DBP), sex hormone-binding globulin (SHBG) (estrogens, androgens), and thyroid hormone-binding globulin. Although these proteins have been studied primarily in the context of their impact on serum assays for their respective ligands, it is now clear that they may also fulfill alternative functions. For example, CBG and SHBG not only act as high affinity serum transporters, but are also able to bind to cell membranes in their liganded forms (1, 2) , suggesting alternative actions as signal transducers (3) (4) (5) . In a similar fashion, DBP can function as a macrophage-activating factor (MAF) (6) and actin-binder (7), actions independent of its vitamin D metabolite binding functions. Despite the pluripotent properties of steroid binding globulins, many recent studies of these proteins have focused only on their ability to deliver hormone ligands to target cells.
The mechanisms by which ligands are released from binding globulins and acquired by target cells are crucial to steroid hormone signaling pathways. This is particularly important for vitamin D where there is increasing evidence for extra-renal, intracrine, conversion of pro-hormone 25-hydroxyvitamin D (25OHD) to active 1,25-dihydroxyvitamin D (1,25(OH) 2 D) (8) (9) (10) . In this setting, the impact of vitamin D will be very much dependent on tissue-specific expression of the vitamin D-activating enzyme 25-hydroxyvitamin D-1α-hydroxylase (1α-hydroxylase) and the nuclear receptor for 1,25(OH) 2 D, the vitamin D receptor (VDR). Another crucial factor influencing this mechanism will be the availability of substrate 25OHD for activation by 1α-hydroxylase. As serum concentrations of 25OHD are usually considered to be the principal marker of vitamin D 'status' for any given individual, the intracrine model has been proposed as a potential explanation for studies linking vitamin D-deficiency with various human health parameters (11) . However, in proposing a model for vitamin D function centered on serum 25OHD (rather than the endocrine 1,25(OH) 2 D model), it is important to recognize that 25OHD circulates bound to its cognate binding globulin, DBP (12) . Furthermore, because 25OHD is bound by DBP with much higher affinity than 1,25(OH) 2 D, it is likely that DBP will have a much greater impact on 25OHD-mediated intracrine responses. In this way, DBP and its interaction with 25OHD may be an important consideration in our interpretation of the physiological impact of vitamin D and this will be discussed in greater detail in the following review.
DBP, megalin and the free hormone hypothesis
Although 99.9% of 25OHD circulates bound to DBP or other serum proteins, the general assumption for lipid soluble molecules such as vitamin D is that biological activity involves unbound or free fractions even though this component in serum is very small (13, 14) . Indeed the 'free-hormone hypothesis' has been proposed as a universal mechanism for cellular uptake of steroid hormones (15, 16) , largely because these molecules are highly lipophillic and therefore have the potential to rapidly and passively diffuse across cell membranes. Nevertheless, in recent years the 'free-hormone hypothesis' has come under increased scrutiny due, in part, to disparity between the likely amounts of free hormone available for passive diffusion and the levels required to efficiently occupy intracellular target receptors. For example, it has been estimated that concentrations of free 1,25(OH) 2 Other reservations concerning the free hormone hypothesis stem from studies which have assessed the mechanisms by which steroid binding proteins such as DBP interact with target cells. The most important of these concern megalin, a large transmembrane protein which acts as a multi-ligand receptor within several tissue, notably the apical surface of renal proximal tubule cells (18, 19) . In the kidney megalin acts as a cell surface receptor for DBP, with the resulting complex being internalized through endocytosis in proximal tubule cells (20) (Figure 1 ). The presence of 1α-hydroxylase in proximal tubules, coupled with DBP's relatively high affinity for 25OHD, means that the acquisition and internalization of DBP via its megalin receptor is a pivotal component of renal vitamin D metabolism. Consistent with this, megalin knockout mice are unable to recover DBP from the glomerular filtrate, and thus lose it and its vitamin D cargo in urine. As a consequence, megalin knockout mice are unable to adequately metabolize 25OHD to 1,25(OH) 2 D resulting in a bone phenotype that resembles vitamin D-deficient rickets (20) . Since then, other studies have shown that cubulin (21) and disabled-2 (22) work in conjunction with megalin to facilitate the renal processing of DBP.
Although megalin-dependent uptake of DBP has a clear role to play in renal vitamin D endocrinology, it is not yet clear whether a similar mechanism is utilized by other vitamin D target tissues. Outside the kidney, megalin is expressed by several tissues including the placenta, mammary gland and parathyroid glands, which are known to exhibit extra-renal 1α-hydroxylase activity, suggesting a similar DBP-megalin interaction to that described for the kidney (23) . However, the functional significance of this is still far from clear. Megalinmediated uptake of DBP has been described for T47D breast cancer cells, which co-express megalin and cubulin, as well as 1α-hydroxylase and the vitamin D receptor (VDR) (24, 25) . Notably, endocytic uptake of DBP by these cells promoted responses to 25OHD but not 1,25(OH) 2 D, suggesting that the principal function of megalin in this model is to support intracrine conversion of 25OHD to 1,25(OH) 2 D. A similar mechanism has also been proposed for intracrine metabolism of vitamin D in osteoblasts (26, 27).
Vitamin D responses in DBP knockout mice
In common with megalin knockout animals, analysis of mice with ablation of the gene for DBP has provided further insight into the role of this protein in vitamin D physiology. DBP knockout mice are healthy and fertile despite having lower circulating levels of 25OHD and 1,25(OH) 2 D (28). In the absence of DBP, vitamin D metabolites are more likely to bind to albumin, which has a lower affinity for both 25OHD and 1,25(OH) 2 D relative to DBP and will therefore be less effective in preventing urinary loss of vitamin D metabolites.
Significantly, when DBP knockout mice were placed on a vitamin D deficient diet, they succumbed to bone mineralization abnormalities more rapidly than their wild type counterparts, underlining the importance of DBP in maintaining serum vitamin D concentrations under conditions of dietary restriction. Conversely, loss of the DBP gene protects mice against potential toxic effects of vitamin D and attenuates the timing of vitamin D-induced responses in peripheral tissues. Collectively, these observations suggest that a key function of DBP is to maintain stable levels of 25OHD and/or 1,25(OH) 2 D in serum whilst modulating their bioavailability to peripheral tissues.
More recent studies have confirmed the detrimental effect of DBP knockout on circulating levels of 1,25(OH) 2 D but, paradoxically, showed that target tissue levels of 1,25(OH) 2 D in DBP knockout mice were no different to those from heterozygous littermates (29) . Furthermore, parallel studies in vitro, showed that cells cultured in serum from DBP knockout mice were significantly more sensitive to 1,25(OH) 2 D compared to cells cultured in serum from control mice (29) . These data suggest that for some VDR-expressing tissues, DBP is not an active facilitator of 1,25(OH) 2 D uptake, but instead functions to limit its tissue bioavailability. Given the higher affinity DBP has for 25OHD compared to 1,25(OH) 2 D it is likely that similar effects will also be observed for the pro-hormone form of vitamin D. This, in turn, may be a key factor in regulating the magnitude of peripheral synthesis of 1,25(OH) 2 D via extra-renal 1α-hydroxylase.
Although the uptake of 25OHD by proximal tubule cells is clearly linked to the internalization of DBP, it is possible that different mechanisms apply to other megalinexpressing tissues. Specifically, megalin-binding of DBP may simply act to increase localized concentrations of 'free' vitamin D metabolites at the cell membrane, thereby facilitating more effective passive diffusion of these molecules. It is also possible that for some cells internalization of DBP takes place via mechanisms that do not involve megalin. Uptake of DBP has been reported for B-lymphocytes, but this does not appear to involve the same clathrin-coated pits that are characteristic of the megalin-mediated pathway (30) . One possibility is that binding of DBP to this type of cell is mediated by the gamma Fc receptors that also associate with immunoglobulins (31) . Finally, in most cases, megalin-DBP interaction appears to facilitate transport of 25OHD and its subsequent intracrine activation via localized expression of CYP27B1. By contrast, studies using serum from wild type and DBP knockout mice have shown that DBP attenuates responses to its weaker binding ligand, 1,25(OH) 2 D, raising the possibility that endocrine responses to 1,25(OH) 2 D are independent of its binding protein (29).
Extra-renal 1α-hydroxylase, the free hormone hypothesis revisited
The recent upsurge of interest in vitamin D and human health has stemmed from two key developments in the vitamin D field. The first is the ongoing debate as to what constitutes optimal vitamin D status and how to achieve this safely through normal sunlight exposure and/or dietary supplementation. The second concerns the more widespread acceptance of extra-renal synthesis of 1,25(OH) 2 D as a mechanism for mediating potential beneficial effects of enhanced serum 25OHD levels. As outlined above, the efficacy of the localized intracrine mechanism will be highly dependent on the ability of 1α-hydroxylase-expressing target cells to acquire substrate 25OHD. It is possible that some extra-renal tissues achieve this by employing megalin-mediated receptor uptake of DBP-bound 25OHD similar to that found in the proximal tubules of the kidney. However, most extra-renal tissues do not appear to express megalin or its associated co-receptors, suggesting that these tissues are more likely to acquire 25OHD that is not bound to DBP, in other words free, or bioavailable, 25OHD.
The potential importance of the free hormone hypothesis with respect to vitamin D is best illustrated by the extra-renal 1α-hydroxylase activity in immune cells such as monocytes, macrophages and dendritic cells. Studies in vitro by our group have shown that monocytes exposed to increasing doses of 25OHD in the presence of DBP show dose-dependent induction of antibacterial proteins such as cathelicidin (32, 33) . However, in the absence of DBP (using monocytes cultured with serum from DBP knockout mice), this response was much more potent (34) . In a similar fashion, 25OHD-mediated induction of cathelicidin in monocytes cultured without DBP could be rheostatically suppressed with the addition of increasing doses of purified DBP (34) . The inference from these studies is that monocyte responses to 25OHD are attenuated in the presence of DBP. Importantly, further studies suggested that this effect of DBP is not solely dependent on changes in DBP concentration but may also be influenced by variations in DBP binding affinity for 25OHD. Monocytes exposed to 25OHD showed much more potent induction of antibacterial cathelicidin when cultured with human serum containing lower affinity forms of DBP as defined by Gc SNPs (34) . The over-arching conclusion from these observations is that the ability of 25OHD to promote monocyte antibacterial activity is dependent on both the serum concentration and genotype of DBP. Similar observations have also been made for antigen presentation by dendritic cells, where the ability of 25OHD to promote tolerogenic regulatory T cell activity was enhanced with either lower serum concentrations of DBP, or with lower affinity genetic variants of DBP (35).
Bound, free and bioavailable 25OHD in the circulation
In serum, the vast majority of vitamin D metabolites bind preferentially to DBP, but they are also known to associate with serum albumin. The affinity of 25OHD (K a = 6 × 10 5 M −1 ) and 1,25(OH) 2 D (K a = 5.4 × 10 4 M −1 ) for albumin is substantially lower than that observed with 25OHD (K a = 7 × 10 8 M −1 ) and 1,25(OH) 2 D (K a = 4 × 10 7 M −1 ) for DBP (13, 36) . However, because of the relative abundance of albumin in serum (650 μM) compared to DBP (5 μM) the potential remains for some vitamin D metabolites to be transported in the circulation by albumin. Additionally, in keeping with other steroid hormones, the vast majority of the DBP in serum is empty because of its molar abundance relative to the concentrations of vitamin D metabolites found in the circulation. In view of these observations, it seems likely that most circulating vitamin D metabolites are bound to a carrier protein of some sort. Nevertheless, at any given time, a small proportion of vitamin D metabolites will not be bound to DBP or albumin, but will instead be unbound or 'free'. In the case of 25OHD it is estimated that less than 0.1% of the total circulating levels of this metabolite are 'free'. Thus, an alternative interpretation of unbound 25OHD has been proposed termed 'bioavailable' 25OHD. Bioavailable 25OHD refers to all the circulating 25OHD that is not bound to DBP, in other words that which is free plus that which is bound to albumin. Bioavailable 25OHD represents approximately 10% of all circulating 25OHD and has been used as an alternative to free 25OHD in some clinical studies (37, 38) .
It is important to recognize that although physical measurement of free serum 25OHD has been described previously (36, 39) , this process is generally labor-intensive and timeconsuming. Proposed ELISA strategies for measurement of free 25OHD in serum have recently been reported (40) but are, as yet, not commercially available. As a consequence, most studies of free vitamin D have utilized alternative strategies for estimating this component of vitamin D based on mathematical models that incorporate binding coefficients for DBP and albumin, coupled to measurement of total serum 25OHD and DBP (41, 42) . This strategy has recently been used to estimate both free and bioavailable fractions of circulating 25OHD, and their relationship with biomarkers of vitamin D status (37, 38) . To date, mathematical estimations of free 25OHD have relied on equations that utilize average binding coefficients for DBP and albumin. However, it is important to recognize that genotypic variations in these proteins may be associated with significant changes in binding affinity and/or serum concentrations.
Phenotypic variations in DBP were first described more than 50 years ago based on isoelectric focusing migrations patterns of a then unnamed serum protein (43) . These different proteins were originally referred to as Group-Specific Component (Gc)1F, Gc1S and Gc2, but are now known to be polymorphisms in the gene for DBP (also referred to as Gc). The resulting variations in DBP amino acid sequence (Gc1S = a D416E amino switch from Gc1F, and Gc2 = a T420K amino acid change from Gc1F) appears to alter the binding affinity of vitamin D ligands for DBP, with Gc1F having the highest avidity for vitamin D metabolites and Gc2 the lowest (44, 45) though another study indicated little affinity differences (46) . Gc alleles have also been linked to serum levels of DBP with Gc2 being the least abundant and Gc1F the most abundant (46) . Notably Gc alleles show distinct racial distribution patterns. Black and Asian populations are far more likely to carry the Gc1F form of DBP, while Whites more frequently exhibit the Gc1S form of DBP. Likewise, the lower affinity Gc2 form is far more likely to be found in Whites and rarely found in Blacks. It has been speculated that these affinity differences reflect the physiological consequences of human evolution from darker pigmented skin to lighter complexions and the concomitant changes in epidermal synthesis of parental vitamin D that accompanied this (47) . With these observations in mind, studies from our group have adapted the original mathematical algorithms for calculating free and bioavailable 25OHD (41, 42) , to incorporate Gc polymorphic variations in DBP binding affinity (48) .
In the absence of specific assays for measuring free 25OHD, studies incorporating this parameter have been restricted to mathematical estimates and have reported variable findings. Initial association studies reported that free or bioavailable 25OHD are better correlates of bone mineral density in a cohort of healthy adults (37) . Estimated free 25OHD was also shown to be a better correlate of circulating parathyroid hormone (PTH) levels in chronic kidney disease patients receiving hemodialysis (38) . In a more recent study using a larger cohort of healthy adults, the authors described good correlation between the serum concentrations of 25OHD and DBP, but found that free or bioavailable 25OHD did not provide a better correlate of vitamin D-responsive response markers at the endocrine level such as serum parathyroid hormone (PTH) concentrations (49) . However, in the study, Dastani, et al acknowledged that the cohort was relatively vitamin D sufficient, with limited variations in DBP and free 25OHD levels (49) . Much greater differences in DBP and free/ bioavailable 25OHD were observed in a study of pediatric chronic kidney disease patients (50) , suggesting that this parameter may be more important in some clinical settings where DBP concentrations are elevated or suppressed. It is also important to recognize that, to date, none of the studies where free 25OHD has been estimated have incorporated genotypic variations in DBP binding affinity, which may modify existing association data. However, it seems likely that this strategy will be circumvented by the advent of assays to physically measure serum concentrations of free 25OHD.
Future studies on DBP and free vitamin D
Further studies of free and bioavailable 25OHD in humans are required, notably in the setting of vitamin D supplementation trials and under conditions of enhanced or suppressed expression of DBP. Recent publications have shown a correlation between serum concentrations of 25OHD and DBP (51, 52) . Also, recent reports have described changes in total serum concentrations of 25OHD, 1,25(OH) 2 D and DBP in subjects following supplementation with either cholecalciferol (vitamin D3) or ergocalciferol (vitamin D2) (53) . For both treatment arms, total serum levels of 25OHD were similar at baseline, but at the end of the study serum levels of 25OHD3 increased significantly more than serum 25OHD2. For both forms of vitamin D serum DBP concentrations also increased following supplementation in line with the raised serum 25OHD levels. Despite this, the calculated free or bioavailable 25OHD was similar for subjects with either vitamin D2 or vitamin D3 supplementation. The relative inefficiency of vitamin D2 to raise total serum levels of 25OHD relative to vitamin D3 has been attributed in part to the lower binding affinity of DBP for 25OHD2 relative to 25OHD3. As such, megalin-mediated renal recovery of DBP-25OHD2 yielded slightly lower 25OHD2 recovery resulting in a net lower increase of total 25D after supplementation (Figure 2 ). Conversely this apparent inefficiency of 25OHD2 binding to DBP may be advantageous in the setting of extra-renal metabolism of 25OHD where decreased binding to DBP may aid uptake of 25OHD2 by target cells such as monocytes. In future studies it will be important to incorporate separate measures for 25OHD2 and 25OHD3 in either estimating or physically measuring the free concentrations of these metabolites. Finally, it will also be important to better define non-vitamin D molecules that may influence DBP-25OHD binding. Previous studies have shown that polyunsaturated fatty acids can decrease the binding affinity of vitamin D metabolites for DBP (54) , and may thus have the potential to influence their bioavailability.
Conclusions
In the last five years there has been revived interest in the role of DBP in vitamin D and human health, with the target levels of serum 25OHD required for vitamin D sufficiency being subject to much scrutiny. Based on recent studies, it is possible that free or bioavailable 25OHD will provide a more meaningful marker of vitamin D function. For example, an individual with low serum 25OHD according to current parameters (less than 50 nM 25OHD), might nevertheless have adequate levels of free 25OHD if serum levels of DBP are low or if the person has a Gc genotype associated with a form of DBP for which vitamin D metabolites exhibit a lower affinity. These considerations are likely to be extremely important as the number of randomized placebo control vitamin D supplementation trials increase, particularly when considering the relative merits of supplementation with vitamin D2 or vitamin D3.
Highlights
• Vitamin D metabolites circulate bound to DBP and, to a lesser extent, albumin
• 25OHD binds to DBP with high affinity and is thus strongly influenced by DBP
• For some cells unbound or 'free' 25OHD may be the most bioavailable form of 25OHD
• DBP may play a pivotal role in the intracrine synthesis of 1,25(OH) 2 D by immune cells
• Free or bioavailable 25OHD is influenced by DBP concentration and binding affinity 25-hydroxyvitamin D2 (25OHD2) binds to DBP with lower affinity than 25OHD3. This will impair renal handling of 25OHD2 relative to 25OHD3, providing a potential explanation for the relative inefficiency of supplementary vitamin D2 to achieve optimal serum levels of total 25OHD relative to supplementary vitamin D3. By contrast, for extra-renal tissues such as immune cells, impaired binding of 25OHD2 to DBP may facilitate enhanced bioavailability to target cells relative to 25OHD3. In this way, a lower total serum concentration of 25OHD2 may be as effective as a higher total serum concentration of 25OHD3 in promoting intracrine synthesis of 1,25(OH) 2 D and associated innate immune responses.
